Little is known about prenatal and perinatal brain injury resulting in 
INTRODUCTION
Although the pyramidal tract was once thought to be the substrate of all voluntary movement, it is now apparent that many movements survive pyramidal tract section (Ruch et al., 1965) . In all species studied, the use of limbs for skilled movements appear more affected than the use of limbs for locomotion (Lawrence & Kuypers, 1968; Metz et al., 1998; Muir & Whishaw, 1999) .
Studies on the of forelimbs in tasks requiring reaching for food or manipulating levers indicate that relatively independent use of the movements of the digits, rotatatory movements of the limb, and response speed are most affected (Alstermark et al., 1989; Lawrence & Kuypers, 1968; Whishaw et al., 1993) . Many studies of pyramidal tract function have included animals with partial lesions to the pyramidal tract. In general, partial lesions reportedly result in substantial sparing of movement (Hepp-Reymone & Wiesendanger, 1971 Laursen, 1971 Lawrence & Kuypers, 1968; Lawrence & Hopkins, 1976) . Bucy and coworkers (1964; report the most dramatic example of functional sparing. Their human subject had only 17 percent of the pyramidal tract on one side spared, and he recovered substantial use of the affected limbs, hand, and digits.
The rat is widely used for studies of recovery and restitution of function, and the pyramidal tract is extensively used a model system for such studies (Goodman et al., 1966; Gribnau et al., 1986; Hyland & Jordan, 1997; Joosten et al., 1992; Kalil K, 1975; Kartje-Tillotson & Castro, 1980; McKenna & Whishaw, 1999; McKenna et al., 2000; Miller, 1987; Vahlsing & Feringa, 1980; Z'Graggen et al., 1988) .
After complete lesions of one pyramidal tract above the pyramidal decussation, rats display a number of abnormalities in the use of the forelimb contralateral to the lesion.
1. When suspended by the tail, rats adduct rather than extend the contralateral forelimb (Barron, 1938; . In tests of placing, rats display impairments in using the contralateral forelimb .
In tests of placing, rats display impairments in using the contralateral forelimb .
2. When give a choice of using the forelimbs for reaching for food, they show a preference for the ipsilateral forelimb (Kartje-Tillotson & Castro, 1980; .
3. When forced to use the contralateral forelimb rats display reduced success in obtaining food (Whishaw et al., 1998; Whishaw et al., 1993) . 4. Even when rats are successful in obtaining food, rotatory movements of the limb, including pronation and supination, are abnormal Whishaw et al., 1993) . 
Surgery and lesion placement
For surgery, the rats were anesthetized with isofluorane anesthesia. Thirty-nine animals were given unilateral pyramidal tract lesions and twenty-one rats served as the control group. A ventral midline incision was made, the sternohyoid and sterno-thyroid muscles on one side were split longitudinally and retracted, and the trachea and esophagus were slightly displaced. With the use of an operating microscope, a blunt deep dissection revealed the outer surface of the occipital bone and the ventrocaudal part of the bone was partially removed with a dental burr. The medullary pyramid (namely, the corticospinal tract) was thus exposed above the decussation and the pyramid was incised with a sharp No. 11 scalpel blade and dissecting tweezers. The esophagus, trachea, and muscles were repositioned and the skin sutured (Whishaw et al., 1993 (Barron, 1938; Whishaw et al., 1981 (Johnson et al., 1999) . The results were scored using the following formula:
Percent contacts right paw contacts/(right paw contacts + left paw contacts) x 100.
Reaching boxes
Two types of test boxes were used (Whishaw, 2000; Whishaw & Miklyaeva, 1996) . Food tray boxes (10 wide x 18 long x 10 cm high) were constructed of Plexiglas with a face consisting of 2-mm bars spaced 9-mm apart, edge to edge. A 4-cm-wide and 5-cm-deep tray, containing granules of food (20 to 40 mg chick feed) was mounted in front of each box and extended for the length of the box. To obtain food, the rat had only to reach through the bars to grasp and retract it. The floor was made of grids so that if a rat dropped the food, it fell through the grids and was lost (Whishaw et al., 1986) .
Single-pellet boxes were made of clear Plexiglas so that the rats could be filmed from any perspective (Whishaw & Pellis, 1990 (Whishaw et al., 1986) . A strip of elastic plaster (Elastoplast, Smith and Nephew, Lachine, Quebec, Canada) 2.5-cm wide and about 6-cm long was used with a rectangle (1.5-cm by 1.25-cm) cut out of one its ends. The plaster was folded sideways so that the sticky sides faced each other, laving only the remaining uncut section on one end with an exposed adhesive surface. The elastic was wrapped around a rat's forearm and fixed with the exposed plaster. (Eshkol & Wachman, 1958 abnormal, thena score of'l' was given. In cases of some ambiguity concerning the occurrence of a movement, a score of '0.5' was given.
Reaching posture
On each reach, the posture used by the rat was rated on a 2-point scale Whishaw et al., 1993) . If a rat supported itself on the contralateral-to-reaching paw forelimb and its diagonal hind limb as the reach was initiated, then a score of '0' was given. If a rat failed to use this supporting posture, then a score of il was given. The evaluation of reach posture included scoring the rat's approach to the slot: whether a rat positioned its body on a diagonal ipsiversive, diagonal contraversive, or orientated straight on to the slot was recorded.
Histology
At the conclusion of the experiment, the rats were deeply anesthetized with sodium pento-barbital and perfused through the heart with a 0.9% NaC1-PFA solution. In the second experiment, the rats (n 10) were trained to perform the single-pellet reaching task until a stable success level was achieved. The animals then received lesions contralateral to the preferred paw, and testing was resumed the following day. The number of pellets retrieved was scored for 14 d, and successes were video recorded one day before, one day following, and 14 days following surgery.
Statistical analysis
The results were assessed using analysis of variance (ANOVA) follow-up Newman-Keuls tests and with Mann-Whitney U tests.
RESULTS

Histology
At the completion of the experiments, the photographs were examined by a histologist who was naive to the performance of the animals. The animals with lesions restricted to the pyramidal tract were separated into a group composed of animals having partial lesions and into a group composed of animals having complete lesions (Fig. 1) . Fig. 2B ).
Tray task reaching
All rats were allowed to reach for 14 d, upon which they were given a 10 min test for reaching success. Then, using bracelets, the rats were forced to use their non-preferred paw while being trained displayed by control and pyramidal tract lesion rats when reaching in the tray task and the single pellet task with the preferred paw (NP, the contralateral forepaw that was used following forced training) or the paw ipsilateral (I) or the paw contralateral to the lesion (C). Note: No differences in success were displayed by control or partial lesion rats when using either paw. Performance using the ipsilateral-to-lesion paw by the complete lesion pyramidal tract group did not differ from control performance. Performance using the paw contra-lateral (C)-to-lesion by the contralateral group was significantly (*p < 0. (F(18.243) 5.3, p 0.001). Figure 4 provides a summary of element scores, showing that whereas the large lesion group differed from the control group on most element scores, the small lesion group also differed from the control group in a number of element scores, including bringing the paw to the midline, grasping food, and supinating the paw to present food to the mouth.
Qualitative description of movements
An analysis of posture revealed a significant Group effect (F(2.28) 11.5, p 0.001), and follow-up tests indicated that the control group obtained a significantly higher score that did either lesion group, which did not differ. Figure 5 illustrates a typical postural difference between a large lesion rat (yellow) and a control rat (blue) at four different times during the reach. The green area shows areas of overlap. The figure was made by superimposing photos of the rats as they performed different components of the reach From this figure, it is clear that the movements used used by the two rats are different. Notably, the rat with the pyramidal tract lesion (a) uses a diagonal approach to the slot, angling in from the right, (b) supports its weight mainly on its good (left) hind limb, and (c) rotates its head ipsiversive to its bad paw to retrieve the food pellet from the paw. Both the small and large lesion groups displayed a significant tendency to use a diagonal approach to the slot, Group (F(2,28) 16.8, p 0.001), with both lesion groups making use of this approach more than did the control group.
Whereas the small lesion rats used a diagonal approach to the slot and tended to support their weight mainly on the good hind limb, their most characteristic abnormality was their aim. Figure  6A illustrates the aim of a control rat in which the digit tips and the elbow are aligned to the midline of the body. Figure 6B illustrates that the rat with the small pyramidal tract lesion has the digits lateral to the body midline with the elbow in. Thus, the forelimb is not pointing through the slot, as does the forelimb of the control rat.
Performance of rats with small lesions
To evaluate whether the recovery/impairment displayed by the rats with small lesions was due to compensation derived from the practice received following the lesion, additional rats were trained on the single pellet reaching task, received lesions, and then were tested for 1 d following the lesion beginning on the day following surgery. There were no differences between the groups (F(1,7)= 2.13, p 0.18), in success in reaching tbr single food pellets, nor was there any Group by Day interaction (F(1.13) 0.7, p 0.17). Thus, the lesion did not affect reaching success. A comparison of the effect of the lesion on the qualitative rating of the 10 movement components on the day before surgery. the day following surgery, and after 14 d gave a significant effect of Group (F(1.21) (Golani & Moran, 1983; Yaniv & Golani, 1987) . When the partner moves, the targeting animal must also move to maintain the opposition between its snout and the target. If the partner escalates its movement, so to must the targeting animal escalate the size of its own movements to maintain opposition. Internal fixations are those in which a segment of the body is fixed while other body parts move, as occurs when a magpie holds an object with a foot while the head moves to take the object with the beak (Pellis, 1983) or as a human holds an object in the hand while the head moves so that the object can be grasped by the mouth .
For the transfer to be successful, the position of the foot or hand must maintain its spatial location, thus compensating for the movement of the head. With these two forms of fixation in mind, one can conceptualize two forms of clumsy behavior: one in which a target is missed, which would constitute a failure of an external fixation, and the other in which a target is reached but movement is inefficient or bizarre, which would signify a failure of an internal fixation.
Pyramidal tract lesions appear to produce clumsy behavior of the second type in which internal fixations are compromised (Whishaw et al., 1993) . For example, the animals can still locate and identify food and extend a limb to grasp food but their movements are abnormal. This impairment in internal fixation follows both complete and partial lesions. After partial lesions, an animal's success scores are at control levels but its reaches are unusual and characterized by may additional body adjustments. For example, to aim the limb, a control rat first adducts the lower arm so that the tips of the digits are aligned with the midline of the body. From this 'aiming' position the limb is easily directed through the slot to the food. To obtain alignment, a rat must hold the digits at the midline of the body when the elbow is adducted. For this to occur there must actually be a compensatory movement of abduction of the lower arm as the upper arm is adducted (Whishaw & Pellis, 1990) . Typically, the rats with both large and small pyramidal tract lesions failed to adduct the arm so that the digits were aligned with the midline and they further abduct the lower arm as the upper arm is adducted. This movement leaves the limb in a peculiar posture with the 'elbow in' and the 'digits out' rather than with the forearm aimed for the slot. Additionally, these movements are not performed as discrete actions of the limb but are assisted by rotations of the body. A second example of impairment in fixation is seen when an animal with a pyramidal tract lesion attempts to take food from its paw with its mouth. The paw 'moves away' as the mouth approaches. That internal fixations are sensitive to pyramidal tract lesions suggests that a function of the pyramidal tract is to assist in enabling internal fixations.
Given the findings of the present study and the nature of the impairment that follows pyramidal tract lesions, it is possible to suggest that some forms of clumsy behavior in children can be related to pyramidal tract damage. That is, a child might be able to identify a target and might be able to obtain that target but the movements that the child uses in doing so might be unusual and thus classified as clumsy. The pyramidal tract is an especially interesting substrate for clumsy behavior in that studies on developing animals suggest fixations must be learned (Pellis, 1983) . Thus, clumsy behavior would emerge as a failure in learning new skills. It is possible to suggest that as the pyramidal tract is plastic (Schreyer & Jones, 1982; Terashima, 1995; ZiGraggen et al., 1998) , impairments in fixations in thins form of clumsy behavior could be identified and remediated by specific training in fixations rather than in more global training in coordination.
The size of the small lesions used in the present study included less than one half of the pyramidal tract as determined by measures of the area of the tract at the level of the lesion. Thus, the small lesions were substantially different in size from the large lesions that were relatively complete. The measure of lesion size might have underestimated the size lesions somewhat as the remaining tract could have expanded into the cavity produced by the lesion. The lesions also varied in their mediolateral location, but irrespective of location, the behavioral deficits that they produced appeared to be similar. The mediolateral placement of the lesions might not be critical as the results of a number of studies show that at the level of the medullary pyramidal, the topographic organization of the fibers with respect to their cortical origin is lost (Bamard & Woolsey, 1956; Wise et al., 1979 (Terashima, 1995; Weidner et al., 2000) . Nevertheless, whereas the group with large pyramidal tract lesions displayed impairments in posture and an impairment on almost all qualitative components of the reach, qualitative impairments were observed in rats with small lesions. The qualitative impairments small lesion group were most obvious in posture, in which the rats persisted in using a diagonal approach to the slot through which they reached for food, in aiming the limb through the slot, and in supinating the paw to place food in the mouth. Noteworthily, these movements are also those that are the most obviously affected by large pyramidal tract lesions.
It is possible that sparing on the quantitative measures of behavior was observed in rats with small pyramidal tract lesions because by the time the tests were administered, the rats had undergone substantial recovery. For some measures of reaching this happened some weeks after surgery. Such recovery could have been mediated by fiber sprouting within the pyramidal tract (Schreyer & Jones, 1982; Terashima, 1995; ZiGraggen et al., 1998) . This possibility was investigated by first training rats on the single pellet reaching task and then examining their quantitative and qualitative performance on the day following partial sections of the pyramidal tract and then again at 14 days following surgery. The rats with the pyramidal tract lesions displayed no impairment in success on any day following surgery. On the day after surgery, they did display qualitative deficits that persisted for all 14 days of testing. Because any recovery observed following the lesions would be expected to be complete by 14 days , the results suggest that he behaviors spared or comprimised by partial lesions are not modified greatly by the processes of recovery.
In summary, certain investigators have associated the function of the pyramidal tract with independent movements such as those exemplified by the movements of digits when an object is grasped. For this reason, the same investigators have suggested that the pyramidal tract has unique functions in primates. In contrast, the results of the present study (see also Whishaw et al., 1993; suggesting that the pyramidal tract is important for intemal fixations provides a possible function for the pyramidal tract in all species in which it ;s found. The suggestion presented here also opens up new avenues of investigation into the possible roles played by the pyramidal tract in many kinds of skilled movements, which when impaired would be described as clumsy acts. These avenues or research would direct investigators from a narrow focus on digit movements to a more general consideration of how coordinated movements are learned and performed.
